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ABSTRACT 
MATHEMATICAL Sllv1ULATION OF SMALL 
WA TERSHED HYDROLOGIC PHENOMENA 
In m,anyhydrologic investigations concerning stnall watersheds, 
data and observations are totally inadequate to provide a basis for out-
flow hydrographs. Consequently, a variety of etnpirical approaches 
have been developed which have litnited rational validity. Hydrograph 
synthesis offers a reasonable approach to predicting the outflow hydro-
graph characteristics. In order to synthesize a hydrograph, it is nec-
essary to tnathetnatically describe the physical behavior of the dynatnic 
processes involved in the hydrologic phenotnena. Hydrograph synthesis 
may be considered to cotnprise (a) hydrographs (actual or simulated) of 
precipitation, (b) hydro graphs of abstractions such as interception, in-
filtration, and depressional storage, (c) routing or translating the net 
rainfall rate (rate of rainfall excess) in finite intervals of titne and dis-
tances up to the outlet point. The cotnplexities of this routing procedure 
are tnany, considering the variable factors such as the shape and size 
of watershed, soil and vegetative characteristics, nonuniform surface 
conditions, slopes, and channel geotnetry. This report is a review of 
the relationships developed for describing each hydrologic process from 
the design stortn pattern to the final phase of the channel routing. Satis-
factory simulation requires connecting all of these process descriptions 
in such a tnanner that they combine into a logical and c')mpatible total 
dynatnic system. Schetnatic diagrams are presented in the discussion 
and the various tnethods available for different stages of hydro graph 
synthesis are indicated. 
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2 
culverts and darns on small watersheds is normally too low to justify 
intensive hydrologic investigation. However, the aggregate cost of 
such structures and the economic loss resulting from improper or 
inadequate design justifies the expense of accelerated and expanded 
study on the hydrology of small basins. More reliable hydrologic 
design criteria for small watersheds is needed. This is only pos sible 
through careful study of the dynamic behavior of the watershed, the 
details of its geometry" and its associated replenishment and abstraction 
characteristics. If such data are available for a given basin, quanti-
tative models can be developed and, by cut-and-try adjustments of 
the controlling parameters, the dynamic response of the model can 
be made to match the historical behavior of the watershed. This 
procedure constitutes the early phase of the typical model study while 
the second phase is devoted to the forecasting of the future dynaITlic 
behavior when subjected to certain probable causative factors. 
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Figure 3a. Rainfall intensity--duration curve using Hershfield' s 
coefficients. 
Adopting the ratios of Do S. Weather Bureau for durations longer 
than one hour, the following rainfall intensities are obtained assuming 
p 24hr = 3 inches and P lhr = 1 inch. 
Time in hours 1. 33 1.33-1.67 1.67-2 2-2.5 2.5-3 3-4 4-6 6-9 9-12 
Intens ity in in/hr .102 . 165 . 144 . 122 .094 .085.068 .047 .035 
The rainfall intensity duration curve in this case is shown in Figure 3b. 
These curves indicate a high initial intensity of precipitation. 
However, other similar sequential studies have indicated that the 
location of the peak is an area characteristic. Chow and Ramaseshan 
(1965) used a similar principle of sequential generation on a stochastic 
model of hourly rainfall of the French Broad River basin in Illinois for 
synthesizing a storm hydrograph. The methods of Tholin and Keifer, 
and Hershfield for synthesizing the hydrograph of precipitation are 
schematically summarized in Figures 4a and 4b respectively. 
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Areal distribution 
In general, the accuracy with 'which the areal distribution of 
precipitation in a watershed can be measured depends upon the number 
of precipitation gages in the ·watershed. With the data recorded at 
the various gages, the areal distribution is usually obtained by either 
the isohyetal or the Theissen 1 s polygon method. 
Isohyetal method. In the isohyetal method, the precipitation 
for the area between two isohyets is assumed to be the average of the 
values of the two isohyets. Let Al Z be the area between the isohyets 
, 
of, say, 1 inch and Z inches, A
Z
,3 between Z inches and 3 inches, 
and A 3 , 4 between 3 inches and 4 inches isohyets for a duration 6t( 
Then the average precipitation, P, for the 'watershed for 6t.will 
1 
be given by 
P 
Al,Z x 1.5 + A Z,3 x Z.5 + A 3,4 x3.5 
Al,Z + A Z,3 + A 3,4 
4 
Figure 5. Isohyets of precipitation. 
• (4) 
14 
In equation 4, the areas AI, 2' A 2 ,3' and A 3 , 4 vary for every time 
increment ~toJ and it is therefore necessary to plot and to establish 
1 
the areas for each selected value of ~t .. 
1 
Theissen's polygon method. This method attempts to allow 
for non-uniforITl ity of gages by providing a ·weighting factor for each 
gage. The stations are plotted on a map of the watershed and connecting 
lines are drawn as shown bY,Figure 6. Perpendicular bisectors of 
these connecting line~ form polygons around each station. The sides 
of each polygon are the boundaries of the effective area assumed for 
each station. For example, if AI' A 2 , and A3 are the areas in which 
the precipitations PI' P 2' and P 3 respectively in any duration ~ti 
are effective, an estimate of the average precipitation, P, for the 
watershed will be given by: 
P = 
AlP 1 + A 2P 2 + A 3P 3 
Al + A Z + A3 
(5 ) 
In this equation, AI' A Z' and A3 do not vary with precipitation, and 
this method is, therefore, very convenient for computing the average 
precipitation on the watershed for an) duration ~t .. However, topo-
1 
graphical influences upon precipitation distribution normally limit 
the accuracy of this technique. 
Petrlik (1963) developed the following empirical relationships 
for the ar eal d istr ibution of prec ipi~a tion intens ity, i., 
1 
HYDROGRAPH OF RAINFALL EXCESS 
Method of abstractio ... 1.s 
Rainfall excess may b2 defined as the excess of precipitation 
after it has supplied the demands of interception, infiltration,and 
depression storage. The hydrograph of rainfall excess is determined 
by deducting the various abstractions described below. 
Interception. Horton (1919) observed that the total volt1.lne of 
interception during a given shower consists of interception storage 
and evaporation loss. Thus for a.ny storm, the total interception 
volume can be expres sed by the following equation. 
I = S + kEt 
c c 
(8) 
where 
c 
= total interception volume at any time t I 
S = interception storage capacity--a value that varies from 
c 
O. 0 1 to O. 05 in c h e s 
k - ratio of the evaporating leaf surface area to the projec-
tional area 
E = rate of evaporation fro·m water surfaces as recorded 
by a standard evaporimeter 
t = storm duration 
In Vle·w of the scarcity of data concerning Sand k, Horton expressed 
c 
interception as a function of total precipitation for individual storms. 
(9) 
16 
1 (p PeZ) 
q1 D1 qz DZ 
- + - + :a + e (35 ) Z e1 Z .~t Z l~t 
That is 
q1 D1 qz D Z 
p .. , q +- + := + • (36) 
eaverage 1 Z At Z 6t 
or 
F(q, p ,6.t) 
qz DZ e (37 ) 
:= +~ e Z 
In otherwords, froITl equation 32 
q ( • 007 i + c_) (F(q, Pe' .6t) :Ie 2 + z O. 5 /3 
S 1 eC. t 
• (38) 
For an assum.ed value of q (q ::: 0 or the initial value of base flow) and 
with known values of 1 and S, the value of F (q, p , 6.t) can be obtained 
e 
for various rainfall excess intensities (for exam.ple, 8 in/hr, 6 in/hr, 
r in/hr, Z in/hr, and 0 in/hr), and with different finite tim.e increm.ents, 
1 
6t (for exam.ple, 2 m.in, 1 m.in, Z m.in, and ~o on). If these values of F 
(q, p , .6.t) versus q in inches per hour are plotted on sem.i-log paper 
e 
(q on log scale), a fam.ily of straight line as shown in Figure '12 results. 
The routing equation 36 then becoITles 
p e -q + F 1 ::: F Z e • (39) 
average 
Because all term.s on the left side of this equation are known, the 
val ue of F Z can be found. From. Figure 12 the value of qz can be 
established corresponding to a particular F Z and the appropriate para-
m.eters for Pe and :.6.t. 
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i = ra infall intens ity 
Figure 13. Overland flow Inodel. 
Under these conditions the rnornenturn of the incoming rainfall excess 
is negligible in the direction of flow. 
Anal ys i s of the eq ua tions of flow. The cantin ui ty and rnomenturn 
equations form a pair of simultaneous fir st order partia 1 differentia 1 
equations. These, together with the expressions for dV and dy as 
given by the chain rule, are as follows: 
oV 
y ax + 0 
aV ~ 
at + v ax ~ + a t =:= q 
(continuity equation) . 
oV 
V-ax + 
ov 
a t g ~+ 0 ~ + a x a t = g(S 0 - Sf} 
(rnomentum eq ua tion). 
8V 8V 
dx + dt + 0 ~ +0 ~ = dV dx dt 
a V 8 V 
0- +0 dx dt 
in which 
+ dx ~ 
dx 
dx dt 
+dt ~ 
dt = dy 
( 40) 
(41 ) 
33 
V ::= average velocity 
y ::: depth of flow 
2 
g == acce leration due to gravity in ft/ sec 
q = lateral inflow (cfs/sq. ft.) 
So = slope of the channel bottom 
S = slope of the energy line f 
These four equations can be represented in the matrix form as 
r ~1 r 'I , Y a v 1 = q ax ! 
v 1 g a ~ \ g (So - Sf) 8 t 
~ j i dx dt a a dV 
Ox I 
j 
! 8 V 
a a dx dt ~ i Idy J l J 
This system of eq uations can be shown to be hyperbolic by equating 
(42) 
the coefficient matrix to zero and the resulting quadratic is presented 
below 
2V (: ') + (V2 - gy) = a a (43 ) 
2 2 
The discriminant of this quadratic is 4 V - 4(V - gy) :II 4gy, which 
is always positive. 
From the quadratic equation 
(Q. characteristic) 
34 
35 
(~)!3 .. v -Vv( ~ characteristic) 
At the intersection of these two families of characteristic lines, the 
continuity and momentu!Y1: equations can be solved numerically. How-
ever, the finite difference lllethod is lllore convenient. 
NUlllerical solution of the equation of flow. A portion of the 
x - t plane is shown in Figure 14 . 
. 
P 
. 
L 
... x 
Fif;ure 14. Point network with finite differences on the characterisLic 
plane. 
By finite differences 
~I VR - VL ax ::c 26x M 
~I YR - YL ax =r 26x M 
~I Vp VM == a t ~t 
P 
At point P on the x - t plane and under turbulent flow conditions 
2 2 
V n 
p 
2 2082 4/3· 
• Yp 
Substituting equation 48 in 45 
V - V 
P M 
6t + 26x 
2 2 
= g (s _ Vp n \ 
o 2 2082 4/3) 
• yP 
• (48) 
Simplifying this and rearranging it, the following quadratic equation 
in V P is derived, 
where 
k = 
2 2082 4/3 
. YP 
2 
g6t(n) 
V -p 
2.2082y 4/3 
------.::p~- k = 0 
2 
6t(n) g 
+ 
Solving for V P and ignoring negative velocities, 
• (49) 
37 
-2.2082 
2 
26t(n) g 
+ 4/3 { Yp 2.2082 2 4/3 4 6 t(n) g yp 
+ V ('1. 0 + 6 t (V _ V )) + g6 tS + ~ ( ~ i 1 /2 
M 2 c.x L R 0 2 c.x Y L - Y R J I . ( 4 ') a ) 
.J 
At time t :: to (along LR) the depths and velocities are knowtl and 
yp is calculated by equation 44. V p can then be computed from 
equation 49a. The values of y and V becomes y and V for 
PPM M 
the beginning of the next increD1.ent. These values are, however, 
subject to the restraints iD1.posed by the initial and boundary conditions 
and the procedure in such cases is described below. 
UpstreaD1. boundary conditions. The upstreaD1. velocity (velocity 
at the upstreaD1. boundary) is assUD1.ed to be zero, being the ridge line. 
The depth y atpoint 2 can be obtained by the application of continuity 
equation between points 1 and 2 in Figure 13. For a unit width, the 
storage between these two points is given by 
~x 
:a--
2 • (50) 
The lateral inflow q in the equations is replaced by i, the rainfall 
intensity for application to overland flow. Usually y 1 is set to ze roo 
DownstreaD1. boundary conditions. These are cO_ltrolled by the 
38 
flow regiD1.e characteristics, naD1.ely subcritical, critical, and supercriti-
cal flow. For critical flow, the velocity at the forward point (V p) 
is given by the cubic expression 
V 
p 
3 2 
V - ~xg 
p 
:= 0 • 
This equation is obtained by substituting the critical flow condition 
2 
Y = V / g in the equation 49 p P The solution of the ab ave cubic 
expression 1S given by 
<IS 
• (51) 
(·2 1) cos 3 - · 
• '(52) 
where 
in which qOl and q02 are respectively the discharge rates at the beginning 
and the end of the time interval 6.t along the characteristic curve (r - f)l 2 
, 
the average value of rainfall intensity (r) less infiltration capacity of sub-
41 
stratwn (f), and 6.x the traveling distance of the characteristic curve during 
the same interval. 
N P 
KO is the hydraulic coefficient of a slope = __ 0 __ , where 
sin. e 
NO = equivalent roughness coefficient, a = angle of inclination of slope, P = 
numerical constant = 0.6. 
Assuming that overland flow appears over the whole slope of a 
monoclinal basin, the relation between the peak discharge rate, Q ,the 
ern 
average intensity of precipitation, r ,and the arriving time of the 
mp 
characteristic curve, t ,is given by 
Pc 
I-P 
t r 
Pc mp 
and 
Q = A r 
ern mp 
where La = length of the slope 
A = area of the basin 
(59) 
(6 0) 
In an actual watershed, it may be convenient to consider the subunits 
containing the smaller streams as the element of the overland phase and 
the larger stream as the element of the channel phase. For example, 
Ishihara (1964) assumed that the first order streams constitute the elements 
of the overland phase and those higher than one constitute the element of 
Yo J f(y)dy 
Ys 
= 
1 -~ 
~p 
and with f3 = .395, p = .6 (for Yura basin) 
Yo 
J f(y)dy 
Y 
s = 2.55 
(y 1 -y 0) f(y 0) 
Yo 
Thus in equation 64, the value of J' f(y)dy is obtained in terlllS of y l' 
Ys 
yo' f(y 0)' p, ~, and CO' The values of y and f(y) can be determined 
froITl Figure 15, and p, ~, and Co are obtained by the analysis of 
t 
available data. Knowing all these, the value of Q can be deterITlined. 
e 
44 
(65 ) 
45 
CHANNEL FLOW ROUTING 
The flow from the overland phase enters the stage of routing 
through the channel detention to determine the hydrograph of flow leaving 
the gaging point. The total channel inflow hydrograph is obtained by 
summing the runoff rates from each tributary or subarea of the water-
shed. The channel supply starts at zero at ~he upstream end of the 
channel and increases with distance according to the rate at which the 
overland flow enters the channel from the sides. For the routing process, 
it is necessary to determine the instantaneous volume of storage in the 
channel for a given inflow and outflow rate. 
Tr ibutary channels 
Tholin and Keifer! s method. Tholin and Keifer (1960) determined 
channel storage by taking any cross section of the channel (in their case, 
a gutter) and splitting it into vertical elemental strips as shown by Figure 
16. 'j~'he flow through each strip can be expressed as: 
dQ = V h dw 
in which dQ is the rate of flow through the elemental area; V is the velocity 
of flow, h is the depth of water, and dw is the width of the elemental strip. 
Using Mannings formula for velocity and assuming that the hydraulic 
radius is equal to the depth" 
n 
h2/3 112 
s h d w • 
o 
( 67) dQ = 1.486 
in which the undefinec: '/ariables are: 
S ::: longitudinal bottom slope of the channel 
o 
n ::: Manning's roughness factor 
Ifz = w/hJ thendw :: ZdhJ and 
dQ = 1.486 
n 
s 1/ZZh5 / 3 dh 
o 
dw 
1 
J 
{68} 
Figure 16. Gutter Cross Section adopted by Tholin and Keifer. 
Integrating this expression between 0 and y (the maximum depth of flow 
in channel): 
y 
Q = J 1.486 s l/Z Z h 5 / 3 d h 0 n ( 69) 
0 
:: 
.557 l/Z Z 8/3 
n s y 0 
and 
y :: [:5557:8 
) 3/8 Q3/8 
. 
l/Z 
(70) 
0 
For a triangular channel 
(71 ) 
In order to determine the volume in the channel, the flow through any 
section must be described as a function of the distance of that section 
from the upstream end of the channel. First as suming a steady flow 
condition in which Q at any section is equal to the summation of inflow 
from the upstream end to the section, then 
in 'which 
= I _x_ 
o L 
(72) 
L = the total length of the channel section under consideration 
x = the distance in feet from the upstream end of the channel 
section 
I = the rate of inflow at the up s tr eam end of the sec tion 
o 
Q = the rate of outflow at the downstream end of the section o 
For the case of steady-state condition (no lateral inflow or outflow) 
Q o is equal to 10 . The steady-state volume of storage is given by: 
Se = JL A d x . 
o 
(73} 
47 
Substituting equations 70 and 71 into the above expression and integrating, 
yields: 
s = 
e 
. 3/4 1/4 L 
n z 
3/8 2.26 s 
o 
Q 3/4 
o (74) 
For varied flow Tholin and Keifer developed the following expression 
for channel storage, S, for the triagular cros s section of Figure 16, 
S = S 
[
."10)3/4 
4.-
QO + 7 
e 11 
(75) 
63 
hydrographs for hydrograph synthesis. For a duration of rainfall excess, 
t, the unit hydrograph of overland flow supply elements are represented 
in Figure 22 and may be derived by the principle of superposition (Figure 23). 
The volume of rainfall excess is obtained by equation 95. 
By definition and the principle of superposition, the unit hydro-
graph is represented by the differences between the ordinates of the 
initial and the offs et hydrographs. 
CIJ 
4-t 
U 
c: 
..... 
t 
Time in hours 
Figure 22. Definition sketch of unit hydrograph. 
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Figure 23. Typical hydrographs by S-curve offset method. 
The peak discharge in cfs of the unit hydrograph is indicated by q . 
P 
From the unit hydrograph thus developed, a peak reduction factor, Z, 
may be defined as the ratio of the peak discharge to the equilibrium. 
direct discharge q . Thus: 
OJ 
64 
Z = (97 ) 1. 008 A 
in which A represents the area of the watershed in acres. In Figure 22, 
the lag time t , is the time interval in hours between the center of mass 
p 
of rainfall excess and the resulting peak runoff. The direct peak dis-
charge Q from a watershed may be computed as a product of the rain-p 
fall excess and the resulting runoff peak of the unit hydrograph by the 
following equation, 
Q = R P e 
66 
equilibrium runoff rate resulting from a ra infall of the same intens ity 
and of indefinite duration. With the knuwn values of q , duration of the 
p 
rainfall, t, and the drainage area, A, the peak reduction factor may be 
computed by equation 97. Chow (1962) analyzed hydrologic data including 
53 storms or 60 peaks covering 20 small watersheds in the midwestern 
area (areas ranging from 2.79 to 4,580 acres) and computed the peak 
reduction factor for each storm. From these data, the peak reduction 
factor was plotted against the ratio tit. The lag time w~ s itself found to 
p 
be correlated with length and slope of the channel by the equation 
kFs 
\0.64 
t = 0.00236--=1 
p S J 
in which Land S are respectively the length and slope of the channel. 
(lOS ) 
For any watershed,with a known value of storm duration, t, and a com-
puted value of t from equation HE, the peak reduction factor Z may be 
p 
determ ined from the curve of Z versus tl t developed by Chow (1962). 
P 
From equation 100, knowing Z, R , A, and t, Q is determined. After 
e p 
locating Q from the value t and assuming uniform distribution of rain-
p p 
fall excess (for the duration of the storm), the hydrograph of rainfall 
excess is obtained by offsetting the S-curve (Figure 23). The S-curve 
is cons tructed graphically by summ ing a s er ies of identica 1 un it hydro-
graphs spaced at intervals equal to the duration of the effective rain-
fall (rainfall excess). Then this hydrograph is advanced or offset for 
a period equal to the desired duration of the unit hydrograph. The 
difference between the ordinates of the original hydro graph divided by 
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the peak reduction factor, Z, results in the desired unit hydrograph. 
When a number of unit hydrographs of vaious durations are obtained 
by the S -curve method, the computed peak flow rates of the various 
unit hydrographs can be plotted against duration for interpo'~,-!tion purposes. 
Method of Viessman and Geyer. Viessrnan and Geyer (1962) 
adopted the ITlicrohydrologic approach using data based on actual measure-
ments of rainfall and runoff for various watersheds. The micro-
hydrologic approach considers in the analysis all the important char-
acteristics of both climate and physiography for the particular water-
shed. Because infiltration is not considered, their stU(:y is confined to 
relatively impervious areas. Typical hydrographs of rainfall and the 
corresponding surface runoff as presented by Viessman and Geyer are 
illustrated by Figure 24. 
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Figure 24. Typical hydrographs of rainfall and the corresponding 
surface runoff (Viessman and Geyer). 
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i 
log = log k + log 
m 
+ a log 
2 
~ 
D 
+ b log ~ 
1 
rn 
+ clog 
n 
s 
+ d log (5) (108 ) 
The coefficients computed by least square analysis for the Newark data 
results in the equation 
;3T = 36.14 (::) (T~g )"142 (:: )"876 (; )"915 S.165 
(109 ) 
For the purpose of determining the form of hydrograph, Viessman 
and Geyer considered the concentration and recession parts of the hydro-
graph (Figure 25). The concentration curve is the rising segment of the 
hydrograph, beginning at the time when runoff commences and ending at 
the peak. The recession curve is the falling segment of the hydrograph 
beginning at the peak rate of runoff and continuing until runoff ceases. 
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Figure 25. Mathematical representation of hydrograph according to 
Viessman and Geyer 
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and the value of t can be determined by Gray's equations 121, 122, and 
c 
123 or .by the Laurenson' ~ procedure. 
Peak discharge and characteristic 
time of watershed 
In the various methods discussed for converting the volume of 
rainfall excess to the hydrograph of runoff, it has been assumed that 
the values of peak discharge, Q , and the characteristic time, t , are p c 
available. Chow (1962), Viessman and, Geyer (1962), and Gray (1961) 
obtained them by ~imensional analysis or by statistical treatment of the 
significant measurable parameters and available rainfall-runoff data 
from selected watersheds. The following additional methods describe 
similar approaches for obtaining value's of Q and t . 
P c 
Getty and McHughs (l962) used 42 gaged stations in the hill 
areas of Ar~ansas and Missouri and developed the following relation-
ship which expresses the peak of the unit graph as a function of the basin 
characteristics. 
110,860 
A 0.45 ( L Lea 1 
-vs 
0.32 
(136 ) 
in which 
qp = peak of the unit graph in cfs / sq. mile 
L = length of the main water course in miles 
A = drainage area in square miles 
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L = length to the center of gravity of the watershed in miles 
ca 
from the gaging point 
S = stream slope 
The stream slope S is defined by{Taylor and Schwartz, 1952) the expression 
s =( n (137) 
with n = number of equal increments .of the longest water course and 
S. = the slope of each increment of the channel in feet per foot. 
1 
The relationship was obtained for basins ranging from 0.62 to 2,038 
squar~ miles. 
Morgan and Johnson (19tl2) developed the equations which follo.w for 
various elements of the unit hydrograph applicable to watersheds in the 
Apalachian highlands. The elements are lag time, peak discharge rate, 
and the time base of the unit graph. 
For a durati'on of rainfall excess equal to t /5.5 
c 
t = C (LL ) O. 3 
c t ca 
A 
qp = 640 Cp-t 
c 
t 
B 3 + 3 c = 24 
in which 
t = drainage are.a lag in hours' 
c 
(138) 
(139) 
(140) 
L = length in mil~s along the main stream from the gaging 
station to the upstream side 
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in that the rate of precipitation intersects the capacity rate of the in-
filtration curve (Figure 9) much earlier than when the catchment is dry. 
Thus, under these conditions the precipitation would start filling the de-
pression storage ~t a correspondingly earlier time. 
Overland flow routing 
The outflow hydrograph of the gaging site is obtained after the 
hydrograph of rainfall excess has been subjected to the transient 
hydraulic effects of the surface and channel storages. The volume of 
transient water on the surface is known as the surface detention, which 
is not very easily determined. Izzard's (1946) work on sprinkler plots 
is probably the earliest and the most fundamental study in this direction. 
It must be recognized, however, that this study was performed with 
uniform conditions of surface, slope, and flow ~nd the results will, 
therefore, have to be considered in this light. Some of the most recent 
workers (Ishihara, Morgali, Chen) as sumed gradually varied flow, and 
solved the equations of flow by the method of characteristics, with initial 
and boundary conditions. Schematically, this process of routing is shown 
in Figure 26. 
Channel flow routing 
The flow, after it has been routed over the land, enters the stage 
of routing through the stream channel storage from a point of entrance 
to some do·wnstrearn exit point. In this phase also the same assumptions 
of overland flow apply except that the actual channel cross section is 
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Figure 26. Schematic model representing the various approaches available 
for synthesis of outflow hydrograph. 
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considered rather than the unit width of flow assumed while routing over 
the land. For solving the equations of flow and channel storage, ThoEn 
and Keifer assumed uniform cross sectional areas, and hence it was 
necessary to divide the channel into reaches of reasonably uniform cross 
sections. Morgali, like Tholin and Keifer, applied the same Chezy-
Manning equations for fully developed turbulent flow and solved the problem 
by a finite difference method. Chen (1965) has developed an equation for 
predicting the relationship between the rate of advance of the wetting front 
and the upstream depth of flow. This study is of great significance in 
the case of routing through an ephemeral channel where base flow does 
not exist. By Chen's procedure, it is possible to determine the initial 
and boundary conditions for every time increment until the wetting front 
reaches the downstream .inlet point and then determine the flow rate by 
Morgali's procedure. 
Chen (1965) calculated the advance rate of the 'water front and 
the recession rate of the water trail .by using the continuity equation 
and the infiltration function of Kostiakov (1932). His expression for the 
infinitesimal increment of advancing length, ~x. l' from time t. to time 
J+ J 
t. l' in a differential time interval, ~t is given by: 
J+ 
a [ (j + 2) _ k ] b 
(143) 
, b 
+ a~t 
89 
[ ( 
C2S 
in which qo represents a shape factor = 1 - 1 _ g 0 -C .t. e 'J J 
C = Chezy's roughness coefficient 
C. = c'onstant 
J 
t. = time at which the water front reaches the distance x. 
J J 
a, b = infiltration constants 
Y = normal depth at the upstream end no 
So = slope of the channel bed 
The assumptions made in obtaining the above equation are: 
1. y., the depth at the upstream end at any time t. is assuITled 
J J 
to be constant throughout the flow profile. 
2. The flow depth, y., is given by the following expres s ion 
J 
-C t 
y. = Y - (y - y ) e j j J no no co 
in which y = normal depth at the upstream end 
no 
and y = critical depth at the upstream end = 
co 
2/3 
qo 
=-----~-
C 2 / 3S 1/2 
2/3 0 
qo 
1/3 
g 
In this finite difference method it is, however, necessary that 6t is 
small enough in relation to .6.x to ensure convergence of the solutions. 
Equation 143 is obtained from the same basic equation of 
continuity and under nearly the same assumptions as those of Morgali 
and Ishihara. Chen predicts the rate of advance and recession of the 
wetting front in flow irrigation. He assumed that the upstream depth 
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rates of the watershed, the volume of rainfall excess can be obtained for 
any area. 
The hydrograph of runoff is derived from p'recipitation and rain-
fall excess volume in several ways. Chow used the S-hydrograph offset 
method (Figure 23 ) to derive unit hydro graphs for various storm durations. 
This method assumes the' uniform distribution of rainfall excess for the 
duration desired. The values of the runoff factor, x, climate factor, y, 
and the peak reduction factor, Z, are computed frol'll equations 101, 102, 
and 97 with the value of qp derived by any .of the equations 107, 136; 139 
and 142. The computed ~nit hydrograph peak flow is plotted against 
duration for interpolation, and, knowing the duration of the hydro graph and 
the peak, the desired unit hydro gria'ph is computed. 
Viessman,and Geyer (1962) adopted the microhydrologic approach 
to determ ine the direct peak discharge (equation lOt). The hydrograph 
of runoff its elf is des cribed by the equations 110, Ill, and 112 which re-
present the concentration, convex, and,concave recession parts respectively 
(Figure 25). The value of Q is obtained by the least square analysis of 
p 
the pi term relationship in equation 1(J7. For complete solution of the 
hydrograph, the values of 'C l , e 2 , k, Q t1 
in the equations 11 Q, 111 and 
112 ,are computed by statistical analysis of available rainfall-runoff data 
for the watershed. Gray's (1961) analysis is based on the analogy of the 
equations (113 and 114) proposed by Edson (1951) and Nash (1957) on the 
one hand and the expression for the incomplete gamma distribution 
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(equation 115) on the other. In order to solve equation 1 i5 for Q at any 
instant, it is necessary to evaluate the storage factor, )" ItR , the shape 
factor, q l' and the value of Q
p
' The value of )" I tR is 0 bta ined by 
statistically analyzing the geometric parameters of the watershed, such 
as L, S, and relating them by the equations of the type 121, 122, 123. q 1 is 
o bta ined from equation 117. 
Lienhard (1964) noticed the close analogy between the expressions 
for f(t/t ) and the Maxwell-Boltzman molecular speed distribution (equation 
c 
125) and developed equation 135 where (Q/R ) is expressed as a function of 
e 
tit. In order to solve for Q, it is necessary to obtain the watershed 
c 
characteristic time function (t ) by equation 88 of Laurenson' s procedure. 
. c . 
Each of the methods discussed above are schematically represented 
by Figure 26. 
The second approach is to obtain the volume of rainfall excess 
from known rainfall data and certain loss rate indices, such as runoff 
number or the antecedent precipitation index. The runoff hydrograph 
is then obtained from the volume of rainfall excess by the unit hydro-
graph or statistical approaches. Of the various methods ·which fall in 
this category, Lienhard's procedure is most easily" applied with data 
which are normally available. In this method the only factor besides 
the volume of rainfall excess to be considered is the characteristic 
95 
time of the watershed. This parameter is determined by the isochronal 
procedure suggested by Laurenson. 
However, since several methods are available for hydrograph 
synthesis, the most appropriate procedure would be to apply all feasible 
methods and to select that method which yields the closest verification 
with actu?-l measurements. 
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